UTIG FILE CUES

AD-A195 351

YoM W

AFWL-TR-87-101 AFWL-TR-
87-101

/ ISST STRUCTURE WITH SIFCON -- HFC-2 TEST

Bruce Schneider, et al
New Mexico Engineering Research Institute

University of New Mexico
Albuquerque, New Mexico 87131

April 1988

Approved for public release; distribution unlimited.

AIR FORCE WEAPONS LABORATORY
Air Force Systems Command

Kirtland Air Fo.ce Base. INM 87117-6008

[Pt re S Vs ool TSRO i s SRS

s

-
-
-

Ll n TR, S s
-')5;‘.1 P




AFWL-TR-87-101

)
) This final report was prepared by the New Mexico Engineering Reseavch
§ Institute, University of New Mexico, Albuquerque, New Mexico under Contract
! F29601-84-C-0080, Job Order 880913i1G with tie Air Force Weapons Laboratory,
5 Kirtland Air Force Base, New Mexico. Captain Susan M. Cheney (NTES) was the
l Laboratory Project Officer-in-Charge. !$
R, ;
; When Gevernment drawings, specifications, or other data are used for any %ﬁ
r purpose other than in connection with a definitely Goverument-related pro- o)
g curement, the United States Government incurs no responsibility or any obli- ?ﬁﬁ
' gation whatsocever. The fact that the Government may have formulated or in any gﬁq
l way supplied the said drawings, specifications, or other data, 1is not to be A
) regarded by implication, or otherwise in any manner construed as licensing L4
ﬁ the holder or any other person or corporation; or as conveying any rights or !
x permission to manufacture, use or sell any patented invention that may in any f
p way be related thereto. g
s o
» This report has been authored by a contractor of the United States ad
T Government. Accordingly, the United States Gecvernment retains a rnonexclusive, !
i: royalty-free license to publish or reproduce the material contained herein, or x"
:5 allow others to do so, for the United States Government purposes. :‘
p¥ .
- This report hns been reviewed by the Public Affairs Office and is §§
iE releasable to the National Technical Information Service (NTIS). At NTIS, it "
:{ will be available to the general public, including foreign nations. %:
¢ W
:j 1f vour address has changed, if you wish to te removed from our mailing ti
:u 1ist, or if your organization no longer employs the addressee, please notify &ﬁ
a AFWL/NTES, Kirtland AFB, NM 87117-6008 to help us maintain a current malling N
list. ot
.*,.\ ";w
F: This technicul report has been reviewed and (s approved for publicaticn. ;{
. o
5: %
“ - / ’:,
¢ D,
7 SUSAN M. CHENEY )
ol Captain, LSAF Ta
iy Project Officer 2
b
o "
. ..
~ FOR THE COMMANDER . 3
-~ Iy
v. 42;- .1i’(t361.x)—u¢4£51,s~ ~
"N "e
J‘.' ~
- THOMAS E. BRETZ, JR CARL L. DAVIDSON N
Lt Col, USAF Colonel, USAF f
:& Chief, Applicati .ns Branch Chief, Civil Engrg Research Division t
PR I,
Y DO NOT RETUKN COPIES OF THIS REPOR!T UNLESS CONJFRACTUAL OBLIGATIONS OR NOTICL ;:
:. ON A SPECIFIC DOCUMENT REQUIRES THAT 1T BE RETURNED. ey c:
v 1" Gy "

-

' 7 4
e

e _1



L]
»
Y4
13

b AL B SR

P4

\
LY
Al

A g TR R g AT O T N T V0008 0. H 00 RN Rt AT SR AT s it S e T
. G T ) ' P 0 g A s e A AR

UNCLASSIFIED L , )
SECURITY CLASSIFICATION GF TH15 PAGE y e
REPORT DOCUMENTATION PAGE
Ta. REPORT SECURITY CLASSIFICAT:ON Ib RESTRICTIVE MARKINGS
UNCLASSTFIED
28 SECURITY CLASSIFICATION AUTHORITY 3 OISTRIBUTION. AVAILABILITY OF REPORT
. Approved for public release; distribution
2b. DECLASSIFICATION : DOWNGRADING SCHEDULE unlimited.
4. PERFORMING ORGANIZATION REPORT NUMBFER(S) S. MONITORING ORGANIZATION REPORT NUMBER(S)
NMERI WA8-25 (8.16) AFWL-TR-87-101
6a. NAME OF PERFORMING ORGANIZATION Bb OFFICE SYMBOL | 7a NAME OF MONITORING ORGANIZATION
New Mexico Engiueering (it applicable)
Research Institute NMER! Alr Force Weapons Laboratory
6¢c. ADDRESS (City, State, and 2iP Coge) 70 ADORESS (City, State, and 2iP Code)
Box 25, University of New Mexico
Albuquerque, Mex 87131 Kirtland Air Force Base, NM 87117-6008
8a. NAME OF FUNDING  SPONSORING 8b OFFICE SYMBOL |9 PROCLREMENT INSTRUMENT IDENTIFICATION NUMBER
QRGANIZATION (If sppicadle)
. F29601-84-C-0080
8¢. ADDRESS (City, State, and ZiP Code) 10 SOURCE OF UNDING NUMBERS
PROGRAM PROJECT TASK veORK UNIT
ELEMENT NO NO NO ACCESSION NO
62601F 8809 13 1G

[ WP ol ] Re MG o Phs g L N i de m dn go v ib R\ sul gl gV PLPLELI A Jv o5 ) I.w

11 TITLE ({Include Secunty Classification)

ISST STRUCTURE WITH SIFCON--HFC-2 TEST

12. PERSONAL AUTHOR(S)
Schneider, Bruce; Mondragon, Ray; Kirst, Jon; and Berglund, Jerry

13a. TYPE OF REPORT 13b. TIME COVERED 14. OATE QF REPORT (Year Month, Day) IS PAGE COUNT
Final FROM Nov 81 1o Sep 84 1988 april 382

6. SUPPLEMENTARY NQTATION

17 COSATI CODES 18 SUBJECT TERMS (Continue on reverse I necessary and :der-tify by block number)
FIELD GROUP sus-.GROuP -- 1-Missile silo ) Hardened structures .
13 13 ‘SIFCON Blast effects .
Fiber conc:e.e, T

\’,9 ABSTRACT (Continve on reverse if necessary and identify by b's% number)

In 1983 a new material, slurry-infiltrated fiber concrete (SIFCON), was brought to the
attention of the Air Force Weapons Laboratory (AFWL) by Dr David lankard of the Lankard
Materials Laboratory (LML) in Columbus, Ohio. A review and analysis of the material by AFWL
showed that SIFCON possessed the characteristics of both high strength as well as ductility.
These properties indicated that the material had a potential use in a superhard silo
structure.

Because the material showed such promise, AFWL proposed a program to construct and test a
gcale model of a generic superhard silo structure using the SIFCON material. AFWL decided
to place the structure in a scheduled calibration test that vas part of the Intercontinental
Ballistic Missile Silo Superhardening Technology (ISST) testing orogram in Yume, Arizona.
NMERI then began a program to deveiop a slurry mix design for use in the structure, as well

as construction techniques for placing the SIFCON 4n the wall of the model. , (over?

. - . 1
20. DISTRIBUTION / AVAILABILITY OF ABSTRACT 21 ABSTRACT SECURITY CLASSIFICATION

CIuncLassifeDunumiTed (3 Same as RPT  [Jonc users | UNCLASSIFIED
228 NAME OF RESPONSIBLE INDIVIDUAL 22b TELEPHONE (Include Area Cooe) | 22¢ OFFICE SYMBOL
Sugan M. Cheney, Captain, USAF (505) B66=4656 NTES
00 FORM 1473, 84 MaR 33 APR edimion may be usea until exrausted SECURITY CLASSIFICATION OF THiS PAGE
~lioth
other editions are obsolete UNCLASSIFIED
i

b Ty an SN I

COO "I AT

't 2 kg ¥ Y N

-

e T S

Lo

SO\ A $

o .
-




T RS S S SR e % w o= m

LT

I S D Y T N Y

w

LR

MY Ly

", plei o™

AR AR A

'l-
r

T Je Tt

ek

e B O

UNCLASSIFIED

TCUMTY CLASSIRICATION OF Thig PAGY

]

19. ABSTRACT (Continued)

The report discusses ~he design, construction, instrumentation and placement of the struc-
ture in the test-bed and tabulates the results of the static testing of the SIFCON material.
In addition, the report includes the results and analysis of sonic static and dynamic testing
of SIFCON., Analysis of the data obtained from the gages mounted on the model and comparison
to the pretest predictions were conducted by AFWL and the results published in a separate

document.

NCLASSIFLED

11 SACURITY CLABRIPICATION NF Tiig PaQl

e r\fl‘u"uIV'\'I\il\,‘K\il‘v‘l‘i‘l\l"ﬂl‘i!\l‘d“l"'K ‘u

Je i

=AY

.

N SR i ol
RN

Fyty

~aat at Sl

E

270 @8

SIS O

COARN YV,

v

L 4 P s
3:!Qar\-:\fﬂﬂ'

w4

w
v ‘.4.‘."_

e 4 S

>

AT adb A A SLRE SEN

CONE S

Dl N S AR e

- -



SRS W B BAANGETS R A S W O Ge——m— et § A § & e

PR ¥ B all I

[ B an an e W VRN B o ghrY

!
i
]
i
i
:
¢
?
i
s
i
|
5
!

CONTENTS

OVERVIEW

INTRODUCTION
SCOPE

GOALS

APPROACH

TEST OBJECTIVES

CONSTRUCTION AND FIELDING OPERATIONS

INTRODUCT ION
DEMONSTRATION PROGRAM
Introduction
Procedure
Results
DESIGN
Introduction
SIFCON mix design
Liners
Wall tnickness
Base section
Headworks section
Closure
CONSTRUCTION PROCEDURES
Component fabrication
Liner subcontract
Base section

Bottom section of inner liner
Cylinder inner liner section
Headworks inner liner

Closure
Quter liners

Concrete support structure

ittt sty e R SR AV RS DAL ME R Rt Al SR B AL A 2L

©
(1)
1}

w N Do =

W NN N R e s e

N PN N e b 3 b s b s e s e
£ NN N W W WO W NN W N

- * -
A

SRR e

Ly e

[ d
Puld

oty

'~ e FXNE Yooy
.':z¢kﬂfasf_ .”432f

o

L

LAy
b

-

)
x

R

3

AR
O

4

$ o
g ;;'\,“

7

v
s

S g
AR

") \.\ “y "/\r"
AT ™ [ ] /.rt."(:',f, .

T
BN g AP 2P B

PRt

»

i




el a8

P

22l

2

A

e 4
-

Ly

£
VA

PSR RA SN

SISROELIRER DAL AL LR G 1 55 155 05 Haa i A RS T AT Sy e R LG f R | USRI RV SR SR LA AV T Rt I 48 RO I R oo |

Section

L e I R L VRN VY VAT S VIV 1Y

CONTENTS (Continued)

Assembly of components and SIFCON placement
First SIFCON placement, model base section

Second SIFCON placement, first 1.5-m
core section

Third SIFCON placement, second 1.5-m
cylinder section

Fourth SIFCON p.acement, third 1.5-m
cylinder section

Final SIFCON placement, headworks and
closure '

INSTRUMENTATION

i LV A A

Introduction

Strain gage instrumentation

STFCON strain
Preparation
Installation
Quality control

Steel liner strain
Installation
Quality control

Accelerometer gages

Experimental gages

Gage mount installation
Relative displacement (passive)

Final gage installation

Cable
Cable requirements
Cable splicing
Cable routing
Cable exit
Cable protection
Cable wiring
Concrete strain

iy

FEAA AT A A AT Lo A L S A A Y M A A A i LA AN

Page

24
24

29
33
33

33
35

35
37
37
38
38
38
38
39
40
40
41
41
41
41
42
42
43
43
43
42
47
47

. 1
3
2
wa)
_":j

A AL Lo T ILT®

e -,

YT T WA P Y

ee AT X p BN Ay S v

T R W N Ay




~
L
L]
\J

A0 EELR LY HES ) SRR VR L At Bl LI LERI QSR LRI O LY 6.0 6 CANAES LTS T 6L W ER TSR FL AL NI I L EEA S IE UL RV RN SR S -&‘:
2

e

%]

CONTENTS (Continued) \

o

; [ ]
Section Page W
Steel liner, floor, and 1id strain 47 e

Accelerometers 47 &j

Experimental gages 47 55

Quality control : 47 %

Photo documentation 47 ::::
Construction documentation 47 ;‘"

Structural response documentation 48 ;:'

FIELD OPERATIONS 50 %
Field construction 50 NG
Preparation for shipment of model to ::._;

Yuma, Arizona 50 ;;;:

Field placement 50 ®

ALY

MATERIAL TESTING PROGRAM 57 ,&:
SIFCON 57 N

Steel liner plates 61 :"3

REVIEW AND RECOMMENDATIONS 61 2
Introduct ion 61 ::";_-
Construction 66 :-_",'
Instrumantation 68 E‘:

Materials testing 69 —-g_,‘

II1 CHARACTERIZATION OF STEEL-FIBER-REINFORCED CONCRETE 76 \‘
INTRODUCTION 76 i
SIFCON 76 s
DYNAMIC TESTS 78 9,
STATIC TESTS 86 o
MATERTAL MODELS 91 o

AFWL ENGINEERING MODEL 98 i

o

O

2

LA

%

v -"'\j

Lt

-2

PUAARA FAAMMAAIA R P on Do P on 2 on Yon ™ op 2y Fom A B F o 2o BA T 2 n™ o S Ra A ™t 2o A P gm B for m P AT gt Am m "om P 2, !'.;‘:




CONTENTS (Concluded) e

> Section Page ™

b Iv POSTTEST OBSERVATIONS 107 N
: INTRCOUCTION 107 N
MODEL RESPONSE 107 h

k. Closure 107
. : Inner liner 107
Quter liner plate 108
Cable egress 111
'd High-speed camera mounting 111

PASSIVE PUNCH GAGES 111
REVIEW AND RECOMMENDATIONS 113
APPENDIXES:

OIS CELN L] @ N SISTTe

A. INSTRUMENTATION MEASUREMENT LIST AND WIRING DIAGRAMS 117

N » :
S B. RESULTS OF MATERIAL TESTING PROGRAMS 131 k.
R T,
. A
e Pal
£ !
" "
H h
AN n
" \!I
5 N

4 A ]
N 19
" o
. N
A

1y

Y

&

i

.\

X . '
-': :'
N !
N .
N \
N X

d «
' L]
~ |

{

Al

Al

Vi ‘

e L e A ) N Y R R R S R R NN

U ) '» LM e T AN A S A e e N 2o wm




*!i‘lb"\i‘u!;!i!x\&\u\ AHLUHLY LA R T TR LT i TR 1 AR T AMAL T L AL LA A TR RN EANEN UN R TMRSYAL C WE LSl T e BLUmUE I L e e w e WY e e
L

. ‘ N
A N
)

e JAPP P el LB

t ILLUSTRATIONS
Figure Page
' 1 Wall mold for demonstration program 6 .
2 ISST terminology 9 Si
3 Steel fiber for ISST SIFCON 10 o'
: 4 Base gusset plates , 14 5’:
4 5 Headworks gusset plates 16 ;.\
" 6 Closure bolt 18 ;:'
7 Welding base section 20 ?:
8 Base section with welding compieted 20 "
; 9 Bottom section of inner liner 21 !f{
;' 10 Cylinder inner liner section 21 E&
y 11 Headworks 23 ‘;E
12 Closure 23 ™
] 13 Placement of base section in concrete support structure 25 f,
14 Placing steel fiber into base section 25 :;':
15 Mixing slurry 2 "'
16 Slurry placement 28 .
17 Placement of first 1.5-m outer section 30 E\
18 Completion of fiber placement of second SIFCON pour 31 '\:
19 Fiber and slurry placement 32 N
20 Slurry placement of silo walls 34 “\\
21 Completion of fiber placement in cliosure 36 :..:
22 SIFCON strain transducer 39 z;
23 Cable exit detail 44 .
24 Slip joint detail 45 -
25 Cable routing 46 2
26 Camera mounting schematic' 49 -
27 Setting silo in horizontal position 51 '-;:_f
28 Shipment of silo 51 .
29 Field placement of silo 52 5
30 Placement of silo in excavation 53 ::::
31 Grouting bottom of silo 55 \E
32 Instrumentation trenches for silo 56 Py
23 SIFCON slab test specimen 59 "q
&
2
"
vii -Q_:
[
.'.‘
o

p '.’h.‘- ,; .\- ... ¥. . R _»- _E- .‘. ’p.'p. ln .,;..‘? \! .-!~. -."-.‘- ~. ’ .v.'-‘_. ~v




Figure
34
35
36
37
38
39
40
a1
42

43
44

a5
46

47

48

49
50
51
52
53

54

55
56
57
58

ILLUSTRATIONS (Cortinued)

Special form for ISST SIFCON model test specimens
Core locations from wall slab

Location of SIFCON pours

Edge effects in a molded cyl inder specimen

Effect of loading direction on fiber orientation
Standard flexural specimen

Dual mass shock amplifier (small version)
Modified dual mass amplifier (large version)

Steel specimen mounted between load platens in
modified DMSA

Modified DMSA with neoprene shatter guard in place
Drop tower and modified DMSA prior to dvop test
Static tests of steel specimen (uniaxial stress)

Typical surface spallation pattern of SIFCON
specimens after drop testing. (Corresponds to
"Minor Damage" in Table 2)

Shear failure of SIFCON specimen FR24-30/50
after third drop test

Specimen with LVDT gages mounted in 453,592-kq

load frame for uniaxial stress test (Teflon® friction

reducers on ends)

Uniaxial stress data for SIFCON 30/50
Uniaxial stress data ror SIFCON 20/25
Triax data for SIFCON 30/50

Triax data for SIFCON 20/25

Uniaxial strain data for SIFCON--axial stress
versus axial strain

Uniaxial strain data for SIFCON--axial stress
versus confining pressure

SIFCON 30/50 RF series yield surface
SIFCON 20/25 B series yield surface

SIFCON 30/50 RF series hydrostat
SIFCON 20/25 B series hydrostat

82
82
83
85

88

90
92
93
94
95

96

97
102
103
104
105

Sk @ D ey

[EYTRENE T N NN S B 1 LS

c mm i a m e ommwr ooy



L2t Sull SR Paf Bab Sal Bt Tl Enl Nl Sa

Figure
59
60

61

Table

W 0 N O S W N

= = = s =
How o = O

H T ie e TYR g Ty e R e Fe e leaTfe I TdfHaRBY T faTeryr»Taala,maemeEmmy 2t a=s "7 7 77

ILLUSTRATIONS (Concluded)

Large buckle in wall liner plate 1.4 m from top of model

Buckle in liner plate at 3.0 m from top of model

Deformation of outer liner plate below first
horizontal weld 1.57 m from top of wodel

TABLES

FIBER PROPERTIES

SLURRY MIX DESIGN

SIFCON QUANTITIES

FORM VIBRATOR LOCATIONS

MIX DESIGN FOR YUMA BACKFILL GROUT
SUMMARY OF SIFCON TEST RESULTS
STEEL PLATE TENSILE STRENGTHS
MEASURED WALL THICKNESSES IN CYLINDER SECTION
SIFCON PRIMARY TEST SPECIMENS

DROP TOWER--TEST SUMMARY

NUMBER OF STATIC TESTS

STATIC UNIAXIAL STRESS TEST RESULTS
COMPRESSIVE FAILURE STRESSES
PASSIVE PUNCH GAGE RESULTS

ix/x

Page
109

109

110

Page
11
11
26
29
54
63
65
66
77
89
86
98

101
112

s

o
v @
ﬂ,

sy
Sl

SRR

e




:
-
g
;

M vy - @ A W WS e e tes TheTTE AT 2T TewETETAE T ReSeEsg®, 2R =2 =TT

/

> T W
[

(s

&’1’!’!"' b
S alalata

I. OVERVIEW
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INTRODUCTION
In 1983 & new material, slurry-infiltrated fiber concrete (SIFCON), was E
brought to the attention of the Air Force Weapons Laboratory (AFWL) by qu
Dr. David Lankard of the Lankard Materials Laboratory (LML) in Columbus, ;Qi
N Ohio, Dr. Lankard had done some picneer work in the development of the :fj
? material, as well as some applications using the material in the paving and :5ﬂ
é‘ metal fabrication industries. A review and analysis 0¢ wne material by AFWL :
showed that SIFCON possessed the characteristics of both nigh strength as well o
E as ductility, These properties indicated that the material had a potential 3._:
E use in a superhard silo structure, §3
A
? Because the material showed such promise, AFWL proposed a program to %&%
; construct and test a scale model of a generic superhard silo structure using °
ij the SIFCON material. Limited funds and time prevented the building of a spe- ;ha
Et cific explosive test environment for the structure. As a result, AFWL decided S&-
L: to place the structure in a scheduled calibration test that was part of the :%ﬁ
\ Intercontinental Ballistic Missile Silo Superhardening Technology (1SST) test- i:”
E ing program in Yuma, Arizona., Unfortunately, the environment of the calibra- =5
3 tion test would have required a much larger scale model than could be lii
E constructed with the funding and time available. To proceed with the program, ‘?:
\ AFWL selected a much smallar scale size for the structure. Although the ?;3

pa
®

3 structure would be subjected to a more severe environment than an equivalent r\$
: e
W scale baseline-type structure, AFWL felt that the structure fabricatea from §{;
Y SIFCON would still generally survive the test and provide valuable data for ;fj
future work. e
°
K On November 15, 1983, several New Mexico Engingcering Institute (NMERI) F}ﬂ
a8 ‘\‘.‘
engineers and technicians were instructed by Or. Lankard on the manufacture of N
SIFCON. It was clear at that time that .here was not a large amount of test :\f
data covering one specific mix design or fiber percentage but only a few ':”
F results on mary different mixes. In addition, no data covering dynamic 7
R loading were available. ::;
oo
: ) . ) ) P
Following the instruction, NMERI began a program to avelop a slurry mix N
. design for use in the structure, as well as construction techniques for plac- r!;
ing the SIFCON in the wall of the model. Again, time constraints permitted :}x
) \'
~y
l 3
N
K
e l\‘
) ) ‘.‘l\'
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only a brief study of mix designs before a decision had to be made. With
advice from Mr, lankard, a mix was selected and the design and construction of
the model began in early January 1984,

SCOPE

This report is divided into four sections. Section [ is an overview of
the program. Section II discusses the design, construction, instrumentation,
and placement of the structure in the test-bed as well as tabulating the
results of the static testing of the SIFCON material. Section IIl analyzes
the results of the static and dynamic testing of SIFCON. Section IV presents
some qualitative posttest observations of the model. Analysis of the data
obtained from the gages mounted on the model and comparison to the pretest
predicticns will be conducted by AFWL, with the results to be published in a
separate document,

GOALS

The goal of fabricating and testing a generic ISST scaled model of SIFCON
was to demonstrate the survivability of a superhard silo structure using
innovative design concepts and unconventional materials,

APPROACH

The approach was to use the Ballistic Missile Office (8MO) ISST test
series, specifically HFC-2 (High-Fidelity Calibration) event (Ref., 1), as a
test-bed for evaluating the materials and design concepts of a superhard silo
constructed with SIFCON, The HFC-2 test was designed to be a 379-MPa
(55 k/in2), 225-kt nuclear airblast simulation test, This environment, on the

1. Bedsun, David A., Site Characterization of the HFC-2 Testbed, Luke AFB,
AZ, NMERI TA8-61, Task Report, Air Force Weapons raboratory, Kirtland Air

Force Base, New Mexico, March 1984,
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one-eighth scale ISST structure, would scale to an environment of 115 Mt and
379 MPa (55 k/in2) for a full-size Peacekeeper-type missile s‘lo, Reference 2
gives specific details of the simulator design and structure placement in the
test-bed as well as the predicted airblast and ground shock environments.

TEST OBJECTIVES

The first objective was to design a structure that would reduce some of
‘ the relative soil structure motions and thus reduce structural loading. The
: method that was used to accomplish the reduced silo structure motions and
' structural loading is discussed in Section II. A second objective in the
test was to use materials that have high strength and ductility while at the
sane time improving constructability. SIFCON, with the percentage of steel
used in the structure, was such a material. The high strength and ductility
characteristics and the constructability issues of SIFCON are discussed in
Sections II and III.

L
'.;\.
S

\“]

.
uty,

o
z"\

2. Bedsun, David A,, HFC-2 Pretest Report, NMERI TA7-29, Task Report, Air
Force Weapons Laboratory, KirtTand Air Force Base, New Mexico, May 1984,
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I1. CONSTRUCTION AND FIELDING OPERATIONS

-

;: INTRODUCTION
N This section is limited to a documentation of the construction and field-
B ing procedures and material test results performed by NMERI during the fabri-

cation of a scale model of a generic hard silo structure. The model was
constructed for AFWL as part of the ISST testing program,

This section begins with a discussion of the development of the SIFCON
mix design and construction techniques. Next, a review of the silo design

G <SR

N procedure is presented followed by a step-by-step documentation of the con-~ %
;E struction of the model and installation of the instrumentation. Also included ég
ﬁ; 1s documentation of the results of the Materials Testing Program. 52
Fe "
o DEMONSTRATION PROGRAM ',
& ,'.:
Eg Introduction--Basically, the manufacture of SIFCON involves first filling Eﬁ
fﬁ a form with short, small-diameter steei fibers. Although the form will appear g;
s to be filled sclid with fiber, the actual volume occupied by fiber is only o
:i: about 5 to 15 percent of the form volume. In practice the exact volume Ef
g}; occupied by the fiber is mainly a funccion of the type of fiber used. For a §
' specific-type fiber used, a specific percentage of volune occupied will k
result, This value is relatively constant and cannot be significantly Q

increased by vibration or compressing the mass of fiber. Certain form geo- K

metries such as narrow walls or sharp curves may also cause slight variation g

in the percentage value due to a phenomenon designated as "edge effects" E

which is discussed later. ;

After the form is filled with fiber, a portland-cement-based slurry is i

poured on the surface of the fiber mass and allowed to infiltrate the voids S

between the fibers. The slurry is poured until the form is full, and then ¢

Y allowed to set up and cure. .
N
.E. Procedure--To gain some knowledge concerning the properties of SIFCON for .
ég design purpcses, as well as to determine construction methods necessary to ;
& {

%y




to fabricate the model, a small demonstration-type program was undertaken by
~NMERI. The program consisted of the fabrication of a mold approximately simu-
lating the wall of the model. This mold, as shown in Figure 1, consisted of a
6-mm (0.25-1n)-thick steel plate for the back of the mold and a 6-mm
(0.25-in)-thick clear acrylic plastic plate for the front face. Both plates
were secured to a wood frame comprising the sides and bottom, The wood frame
was cut from standard 2 by 8 lumber cut down to 152 mm (6 in) wide. Headed
anchor studs, 6 mm (0.25 in) in diameter and 64 mm (2.5 in) long, were welded
to the steel backplate. In addition, headed anchor studs, of the same
geometry as the steel studs, were fabricated from clear acrylic plastic rods
and glued to the clear acrylic front plate. The studs were arranged in a

st aggered pattern on the front and back plates so that no studs were directly
opposite each other. The clear acrylic front plate permitted observation of
the fibers and slurry mix during placement. From this observation, the
following questions could be answered:

1. What was the best method of placing the fiber into the form and hope-
fully into the wall of the model?

2. What was the effect o7 the anchor studs on the placement of the
fiber?

3. What was the effect of form vibration on the placing of both the
fiber and the slurry?

4. Was the slurry mix the proper consistency to completely infiltrate
the fiber mass?

5. What was the best technique to make a horizontal construction joint
between consecutive pours?

In addition to the form simulating the wall of the model, three 204-mm (8-in)
cubes of SIFCON were fabricatea, These specimens were used to determine fiber
densities as well as to produce core samples. The cored specimens, taken both
horizontally and vertically from the cube, were used to study the effect of
fiber orientation versus compressive strength. Standard 102-mm (4-in)-diam by

204-mm (8-in)-long cylindrical specimens of both SIFCON and the slurry were
also prepared,
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Figure 1. Wall mold for demonstration program.
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Results--From this program it was determined that the fiber could be
placed by hand by sprinkling the fibers into the form or by just dropping a
handful of fibers into the form and allowing the anchor studs to break up the
clump of fibers as they fell. In general, both techniques produced undiscern-
ible differences in fiber densities throughout the height of the wall except
near the top of the form, In the upper 152 to 305 mm (6 to 12 in) of the
form, the fibers had to be sprinkled because there were not enough anchor
studs to break up clumps of fibers,

In addition, visual inspection showed that the headed anchor studs were
not detrimental to placing the fiber, provided the form was continuously
vibrated during the placement procedure. In fact, the fibers interlocked
around the studs so well that the form could be turned upside down and the
fibers would not fall out.

Four different slurry mixes were tried until one was found with the
proper consistency to flow down through a depth of 1.5 to 1.8 m (5 to 6 ft) of
fiber, It was also determined that even a relatively thick mix could be
worked into the fibers if the form was vibrated properly.

After several trials, a method for making a horizonta) construction joint
was developed, This technique involved stopping the slurry placement when the
level of the slurry was about 50 mm (2 in) below the surface of the fiber
mass.

These results and the experience gained in working with the fibers and
slurry permitted the design of the structural details to begin. In addition,
construction plans were also developed (Ref. 3). It should be noted that the
demonstration program proved to be invaluable in providing the necessay
experience for working with such a new and unconventional material.

DESIGN

Introduction--Due to an aimost total lack of data concerning material
properties for the SIFCON at the beginning of the project, the design of the

3. Mondragon, R., Generic Hard Silo Structures Test Program, NMERI TA9-11,
Management Plan prepared for Air Force Weapons Laboratory, Kirtland Air
Force Base, New Mexico, December 1983,
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structure was actually an effort to determine only a few of the critical
dimensions for the model. These included the wall thickness of the cylinder
portion, the length of the reduced section in the headworks area, the thick-
ness of the closure, and the liner plate thicknesses. An illustration of
terminology used in this section is given in Figure 2. The internal geometry
was selecteq by AFWL from a study of the current ISST baseline structure.

SIFCON mix design--The design of the SIFCON was based on recommendations

by Or. Lankard and the results of the Demonstration Program performed at
NMERT.

The fiber selected was manufactured by the Bekaert Steel Wire Corporation
under the registered trade name of DRAMIX and designated as ZL 30/.50 by the
manufacturer. The fiber was 30 mm (1.2 in) long with a 0.50-mm (0.02-in)
diameter, Each fiber had a slight kink at each end as shown in Figure 3. The

Wesdaosd, ‘ol hbe BN 3% WNWEEIWE—TET ORI

;? fiber was manufactured from low carbon, cold drawn steel wire havino a speci-
fied minimum tensile yield strength of 1170 MPa (170,000 1b/ia2). Other
¢j properties of the fiber are shown in Table 1.
<x :

The mix design for the slurry is shown in Table 2. The ratio of water to
ji cament plus fly ash was 0.35, The ratio of the cement to fly ash was 70/30 by
5; weight, The superplasticizer dosage rate was 887 mL/45 kg (30 0z/100 1b) of

2 ok

cement plus fly ash,

The type of cement decired was Type III because of its high-early-

b
gi, strength property. However, Type III cement is difficult and costly to obtain

53 in the New Mexico area in bagged form; as a result, Type I (Special) was

r* selected, This is a cement, manufactured locally, which has some properties

:2; of Type III cement, spacifically the high-early-strength characteristic. In

;}. actual practice, most any type of cement would be satisfactory depending upon

’é: the desired results; however, the test schedule at the time dictated the use

iﬁ: of a high-early-strength cement, The fly ash selected was Type C having some

;}; cementitious qualities which were felt would be of some benefit to the mix,

i:z One of the trial mixes performed in the Demonstration Program was found \
P to perform extremely well during the pouring operation and the early test A
;" results indicated a satisfactory strength. At the time, it was felt certain 2
= 3
A <
o >
% : R
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TABLE 1. FISER PROPERTIES

Fiber type

ZL 30/.50

.

Dimensions

Aspect ratio
Tensile yield strength
Tolerances

7 = hooked
L = loose
1/d = 60

Length: 1 =30 mm (1.18 in)
Diameter: d = 0.50 mm (0,02 in)

1172 MPa (170,000 1b/in?)

Length *5 percent maximum
Diameter +4 percent maximum
Aspect ratio +10 percent maximum

TABLE 2. SLURRY MIX DESIGN

Ingredient Specification Manufacturer Weight
Portland cement Type 1 (Special) | Ideal Basic Industries | 42.6 kg
Tijeras Canyon, NM (94.00 1b)
Fly ash Type C Panhandle Fly Ash 18.3 kg
Amarillo, TX (40.29 1b)
Water Potable 21.3 kg
(47.01 )
Superplastizer LA-8 (400N) Master Builders 1191 ml

Cleveland, OH (40.29 o2)

Yield 0.043 m3
{1.51 ft3)

Calculated unit
we ight

2528.0 kg/m3
(157.8 1b/ft3)
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minor adjustments could be made in the cement/fly ash ratio, the water/cement
ratio, and the superplastizer dosage rate which might improve the workability
or strength of the slurry mix. However, time and cost constraints prevented
further development and refinement of the mix.

Liners--The material selected for the outer liner plate was 6-mm
(0.25-in)-thick AS72 Grade 50 steel plate. The main reason for selecting this
material was that it was readily available within the time frame required.
Secondly, it was reasoned, intuitively, that the higher the confining pressure
the SIFCON would experience, the higher the axial compression strength would
be., Therefore, while a thinner plate would be adequate for construction
conditions, a thicker plate would provide a higher confining pressure. Under
yield conditions, the 6-mm (0.25-in)-thick plate would exert a confining pres-
sure of 4.0 MPa (580 1b/in2).

The material selected for the inner liner plate was also 6 mm (0.25 in)
thick, A572 Grade 5C steel plate, It was also selected for reasons of avail-
ability,

A 10-mm (0.375-in)-thick steel plate of A572 Grade 50 was selected for
the inner liner of the headworks region. Again, the thickness was chosen
based on availability from suppliers. Also chis thickness provided approxi-
mately the same cross-sectional area of steel in the reduced section of the
headworks as the 6-mm (0.25-in)-thick plate did in tne cylindrical section.
This was done in the hopes of avoiding large and sudden variations of stress
in the liner from one area to another during loading.

Steel-headed anchor studs, 64 mm (2.5 in) long by 6 mm (0.25 in) in
diameter with a tensile strength of 380 MPa (55,000 1b/in2), were provided on
both the inner and cuter liner plates. Use of studs on the outer liner was
studied for some time, and it was finally decided to provide them with the
idea that even if they did not contribute to the strength of the system, they
would probably not be significantiy detrimental either. The stud length and
spacing selected was somewhat arbitrary because the mechanisms of shear and
pullout failures of the SIFCON were not known at the time. The stud pattern
was selected to avoid studs on the inner and outer liners from being directly
opposite each other, This was done as a precaution to prevent preferential
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cracking or failure planes from developing through the thickness of the wall,
However, it was felt this would probably not be a problem with SIFCON. Also,
by staggering the studs on the inner and outer liners it was felt that the
steel fibers would not bridge between studs on opposite liners as the fibers
were being placed, The stud length, although not to scale, was selected as
being a standard stocked item from several suppliers. A shorter stud was
actually desired due to the scale of the model; however, time and cost con-
straints did not permit a special order,

Wall thickness--The thickness of the wall in the cylinder section of the
model was selected following a preliminary calculation using a spring-mass
model performed by the Theoretics Division at NMERI (Ref, 4). Based on the
calculation, a wall thickness of 152 mm (6 in) of SIFCON was chosen, From
this dimension, the thickness of the walls in the headworks section was
determined,

Base section--The concept of the conical end at the base of the model wag
developed by AFWL. Originally, a steel floor plate was designed in the inside
of the cylinder section. However, it was eliminated early in the design pro-
cess to simplify placing of the SIFCON in the base. Aiso, from a structural
response point of view, it did not add to the strength because the base was a
conical section rather than a flat plate.

A series of six 13-mm (0.5-in)-thick steel gusset plates was selected by
AFWL as stiffeners at the intersection of the wall of the cylinder and the
base section. These gussets were designed to be welded to both the inner and

outer liner and connected to each other with 13-mm (0.5-in)-thick plates
(Ref. 5). These gussets were designed to prevent a potential shear failure
mechanism from developing at the wall and base as detailed in Figure 4,

Although it was felt that the SIFCON alone would have been able to resist
the failure, the possibility of losing data from the calibration test war-
ranted the inclusion of the gussets as a precautionary measure.

4. Rudeen, D., and Morrison, D., Preliminary Pretest Predictions of the ISST
1/8 Scale Structure Response, WMERT Task Report, Air Force Weapons lLabo-
ratory, Kirtland Air Force Base, New Mexico, February 1984,

5. Schneider, Bruce, Engineering Drawings For ISST Structure With SIFCON--
HFC-2 Test, NMERI WAB-56, Task Repcrt, Air Force Weapons Laboratory,
KirtTand Air Force Base, New Mexico, §eptember 1984.
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Headworks section--The headworks was detailed with a horizontal bearing

plane for the closure. The width of the bearing plane was selected by AFWL.
Some concern was expressed concerning the ability to place fiber under a

wide horizontal surface such as the bearing plate. An fnward sloping bearing
surface, such as on one of the reinforced concrete baseline structures, was
considered but rejected in favor of the horizontal surface since it was
simpler to fabricate in the allotted time.

Again, as in the base section, twelve 13-mm (0.5-in)-thick steel gusset
plates were provided as a precautionary measure against failure in the bearing
area (Fig. 5). The gussets were welded to the inner liner but not to the
outer liner because of limited access for welding. Instead, a steel angle was
welded to each side of the gusset plate to engage a large section of the
SIFCON wall to help resist potential movement,

Later calculations (Refs, 6 and 7) indicated that the wall section at the
transition of the headworks and the cylinder section might suffer a signifi-
cant amount of distress. To stiffen that area, twelve 13-mm (0.5-in)-thick
steel gusset plates were added as shown in Figure 2.

Intuitively, it was felt that the gusset plates were probably not neces-
sary or that at least the size could be significantly reduced. However, as
stated earlier, the risk of losing the data on the calibration test dictated
that the precaution be taken.

Closure--The general geometry of the closure was selected by AFWL., The
steel plates used were A572 Grade 50 with 13-mm (0.5-in) thickness selected
for the bottom plate and 10-mm (0.375-in) thickness for the sides. As before,
these thicknesses were selected mainly for availability and timely delivery
from suppliers.

6. Berglund, J. W., Pretest Prediction Report for the Generic Hard Silo
Model, NMERI TA8-59, Task Report, Air Force Weapons laboratory, Kirtland
Ar Force Base, New Mexico, March 1984.

7. Berglund, J. W., Analysis of ST and LT Calculation Results, NMERI Task
Report, Air Force Weapons Laboratory, Kirtland Air Force Base, New
Mexico, March 1984,
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